MicroRNAs (miRNAs) are small, non-coding RNA molecules that bind to the mRNA of the target genes and regulate the expression of the gene at the post-transcriptional level. Zebrafish is an economically important freshwater fish species globally considered as a good predictive model for studying human diseases and development. The present study focused on uncovering known as well as novel miRNAs, target prediction of the novel miRNAs and the differential expression of the known miRNA using the small RNA sequencing data of the brain and pineal gland (dark and light treatments) obtained from NCBI SRA. A total of 165, 151 and 145 known zebrafish miRNAs were found in the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively. Chromosomes 4 and 5 of zebrafish reference assembly GRCz10 were found to contain maximum number of miR genes. The miR-181a and miR-182 were found to be highly expressed in terms of number of reads in the brain and pineal gland, respectively. Other ncRNAs, such as tRNA, rRNA and snoRNA, were curated against Rfam. Using GRCz10 as reference, the subsequent bioinformatic analyses identified 25, 19 and 9 novel miRNAs from the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively. Targets of the novel miRNAs were identified, based on sequence complementarity between miRNAs and mRNA, by searching for antisense hits in the 3′-UTR of reference RNA sequences of the zebrafish. The discovery of novel miRNAs and their targets in the zebrafish genome can be a valuable scientific resource for further functional studies not only in zebrafish but also in other economically important fishes.
Introduction
The discovery of the first miRNAs in Caenorhabditis elegans in 1993 paved the way for unearthing of thousands of the mature miRNAs in a wide variety of organisms, including animals, plants and even viruses [1] [2] [3] . In recent years, intensive studies have been carried out on identification of novel miRNAs and their targets, with the addition of newly discovered miRNAs to miRBase and subsequently resulting in its new version release. The current miRBase release 21 has miR information on 9 fish species. MiRNAs are a distinct class of endogenous RNA molecules, which do not code for any protein and are about 22 nucleotides in length [4] . MicroRNAs (miRNAs) are small, non-coding RNA molecules that function as master regulators of the genome. They bind to the mRNA of the target genes; thus, regulating the gene expression at the post-transcriptional level. Many miR-related discoveries have come from zebrafish investigations [5] [6] [7] [8] [9] [10] . After the release of Zv9 (zebrafish genome draft), the zebrafish genome project joined the Genome Reference Consortium (GRC) for further improvement and ongoing maintenance. The GRC has now released a new reference assembly, GRCz10. Correlating the miR functions from a model organism to that of human health largely depends on recognizing true orthologs of human miRs. Thus, for the benefit of the entire miR community, a better understanding of the miRNome is essential [11] .
Each miRNA appears to regulate the expression of tens to hundreds of genes to efficiently coordinate multiple cellular pathways. Precursor-miRNAs are usually 60-80 nucleotides in length with a hairpin secondary structure while mature miRNAs are mostly 18-26 nucleotides [12] . Many miRNAs are conserved across vertebrates [13] . Mutation in miRNA genes or the improper miRNA and target gene interaction may become a cause of various genetic diseases. With the advent of high-throughput sequencing technologies, non-conserved or weakly expressed miRNAs, along with species-specific miRNAs can be identified from a wide range of organisms [14] [15] [16] [17] [18] . Recent studies have focused on bioinformatic analysis of the NGS data obtained from small RNA sequencing, where algorithms predict miRNA precursor molecules based on the presence of hairpins and other associated parameters and how they are processed into mature miRNAs. This sort of analysis can lead to the discovery of both novel and evolutionary conserved miRNAs. Kloosterman et al. [19] reported 66 new miRNAs and 11 star sequences corresponding to 116 potential miRNA hairpins in the zebrafish genome by deep sequencing of two small RNA cDNA libraries. Bizuayehu et al. [20] worked on the Atlantic Halibut and the results indicate a wide conservation of miRNA precursors and involvement of miRNA in multiple regulatory pathways. Despite enormous research on zebrafish, the annotation of miR-producing genes remains limited.
Zebrafish is a fish species of freshwater ecosystem and considered popular organism for studying the gene functions of the vertebrate, especially human development and genetic diseases. It is a favored model organism due to their specific features such as virtually transparent embryos, small size, ability to keep them together in large numbers, ease of breeding and easy to maintain/manipulate/observe in the lab experiments. The critical role of miRNAs in gene expression is highly evident from the recent studies in zebrafish. The miRNAs play key roles in zebrafish organ formation and their expression at different time points.
In the present work, we used Illumina HiSeq2000 small RNA sequencing data from the brain and pineal gland (dark and light treatments) of zebrafish from NCBI SRA database. The total number of reads in the data obtained from NCBI SRA was~6 million,~10.4 million and~14.8 million for the pineal light, pineal dark and brain, respectively. An integrative bioinformatic strategy was applied to detect and analyze the whole miRNA transcriptome of zebrafish. The present study led to the discovery of novel miRNAs in the brain and pineal gland of zebrafish, which will contribute for a better understanding of the role miRNAs play in regulating diverse biological processes.
Materials and methods

Raw data retrieval and pre-processing
The small RNA sequencing data from three mature miRNA libraries (pineal light, pineal dark and brain) of zebrafish were downloaded from NCBI SRA (SRX363296, SRX363297 and SRX363298) and were subsequently used for analysis in the present study. The downloaded data was in SRA format, which was subsequently converted to fastq format using sratoolkit (version 2.3.4-2) [30] , fastq-dump option. The obtained data was generated on HiSeq2000 using standard Illumina sequencing workflow with the multiplexing option. A custom Perl script was written to remove low quality bases, adaptor sequences, count the number of occurrences of each read, and eliminate reads outside the targeted size range (≥16 and ≤30).
Identification of conserved miRNAs and other ncRNAs in zebrafish and other fishes
The filtered reads were further aligned onto the latest released version of zebrafish genome GRCz10, using bowtie [31] with two mismatches and zero gaps. Only the aligned reads were used for the downstream analysis. MiRBase [32] [33] release 21 was used for annotation of known miRNA. A custom based Perl script was written in order to extract only the fish miRNA from the miRBase, along with the preparation of unique fish miRNA database, and its annotation files. Aligned reads were annotated against the unique fish miRNA database, RefSeq database, as well as noncoding RNA sequences of zebrafish from Rfam (version 11) [34] . A custom Perl script was written in order to extract the best read hit, which depicts the fish miRNA, and to segregate the miRNA hits into known zebrafish miRNA and other fish miRNA.
Differential expression of known miRNAs
The individual read counts of the 3 data sets were fed into a custom based Perl script to prepare the final read count table, which was taken as input for DeSeq [35] . The results were further segregated into upregulated, down-regulated and neutral miRs based on the log2 fold change value. For the log2 fold change greater than 1, less than −1 and between 1 and −1, the miRs were designated as up, down and neutral miRs. A heatmap of few highly regulated miRNAs was drawn using R script.
Identification of novel miRNA candidates
The reads with no hits in the unique fish miRNA database and Rfam were further used for the prediction of putative new miRs using Mireap (version 0.2). All novel pre-miRNAs were identified based on the presence of a classic hairpin structure [36] . These filtered small RNA reads were aligned with the zebrafish genome using bowtie with strict parameters (number of mismatch;v = 0). Mireap was used for the detection of novel miRs based on alignment, secondary structure, free energy and location on the precursor arm. The parameters used for Mireap prediction included: i) minimal miRNA length = 18; ii) maximal miRNA length = 26; iii) minimal miRNA reference length = 20; iv) maximal miRNA reference length = 24; v) uniqueness of miRNA = 20; vi) maximal energy allowed for a miRNA precursor = −18 kcal/mol; vii) minimal and maximal space between the miRNA and miRNA* = 5 and 35 respectively; viii) minimal mature pair = 14; ix) maximal mature bulge = 4;
x) maximal duplex asymmetry = 5; and xi) flank sequence length = 100 [37] . It is evident from the previous studies that more than 90% of miRNA precursors have MFEIs greater than 0.85 (tRNAs~0.64, rRNAs~0.59, and mRNAs~0.65) [38] . Therefore, minimal folding free energy index (MFEI) is a new criterion for assaying miRNAs and distinguishing miRNAs from other non-coding and coding RNAs. MFEI is equal to MFE / (precursor length) × 100 / (G + C)%. In the present study, reads which showed MFEI value to be greater than 0.85, were considered as novel miRNAs candidates.
Target prediction of novel miRs
Target prediction of the novel miRNA was done against the 3′-UTR sequences of zebrafish (www.ensembl.org/biomart) using miRanda (version 3.3a) [39] . The miRanda results were parsed based on score N150 and energy b−20. The gene ontology (GO) terms of the predicted targets were taken from UniProt database and were further classified into most abundant GO terms for biological process, cellular component and molecular function.
Results and discussion
3.1. Raw data retrieval and pre-processing NCBI SRA was the main source of NGS data, from where the small RNA sequencing data of three mature miRNA libraries (pineal light, pineal dark, and brain) of zebrafish (SRX363296, SRX363297 and SRX363298) was downloaded and was subsequently used in the present study. The total numbers of reads were found to be~6 million,~10.4 million and~14.8 million for the pineal light, pineal dark and brain, respectively. A custom Perl script was written to remove low quality sequences, adapter sequences and to count the number of occurrences of each read, with the elimination of reads outside the targeted size range (≥16 and ≤30). A read length distribution graph ( Fig. 1 ) was prepared to get insight into the number of reads at each read length. The maximum numbers of distinct sequences were found to be of 22 bp and most of the data was falling between 21 and 23 bp in all the 3 data sets. The numbers of distinct sequences were calculated both before and after length filtering. Finally, the total numbers of distinct sequences after length filtering (Table 1) , which were considered for downstream analyses were 200,520, 204,696 and 351,638 for the brain, pineal light and pineal dark, respectively.
Identification of conserved miRNAs and other ncRNAs in zebrafish and other fishes
The filtered reads were further aligned onto the latest released version of zebrafish genome GRCz10, using bowtie with two mismatches and zero gaps. A total of 88.58%, 60.00% and 61.14% reads aligned to the zebrafish genome GRCz10 for the brain, pineal gland (dark) and pineal gland (light), respectively. Only the aligned reads were used for the downstream analysis. miRBase release 21 was used to determine the known and conserved miRNAs in fishes. MiRNA data of 9 fishes was extracted from miRBase, comprising of 1637 miRNA sequences. Unique fish miRNA database was prepared by eliminating the redundant sequences, which comprised of 1029 sequences. The aligned reads from all the 3 data sets were blast against the unique fish miRNA database. A total of 165, 151 and 145 known zebrafish miRNAs were found in the brain, pineal gland (dark treatment) and pineal gland (light treatment) along with their expression values and were further annotated for their presence in other fishes (Table S1 ). A total of 221, 196 and 195 distinct reads showed hits with other fish miRNAs in the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively (Table S1) .
A comparative study of all the detected fish miRNAs showed 321 miRNAs to be common along all the 3 data sets, with 40, 6 and 6 miR genes to be uniquely expressed in the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively (Fig. 2) . The maximum read count was observed for miR-181a and miR-182 in the brain and pineal gland, respectively. The miR-181a is mainly involved in proliferation, and is an active miRNA regulating regeneration process. Rudnicki et al. [21] and Frucht et al. [22] also reported that miR-181a can encourage proliferation in both quiescent and proliferating chick basilar papilla. It is also reported that overexpression of miR-182 results in production of ectopic hair cells [21] . The miR-182 forms a part of miR-183/96/182 cluster, whose expression is considerably enriched in the pineal gland and upregulated by light [23] [24] . Because of the role of these miRNA in promoting regeneration and mediating the targets and transcriptional factors involved in regeneration, these miRNAs may prove to be promising in therapeutics.
Chromosome wise coverage of the reads aligning to zebrafish genome GRCz10 showed that the maximum numbers of miR genes were coded by chromosomes 4 and 5 (Fig. 3 ). Thatcher et al. [25] also confirmed the presence of miR-430 family in two large clusters of 10 and 57 genes on chromosome 4. The reads which did not show any hits in miRBase were analyzed by BLAST against the Rfam database (ftp.sanger.-ac.uk/pub/databases/Rfam) and Refseq proteins to annotate rRNA, tRNA, snRNA, mRNA and other ncRNA sequences. The maximum numbers of reads were annotated against eukaryotic small subunit ribosomal RNA (SSU_rRNA_eukarya) and tRNA, followed by other ncRNAs (Fig. 4 ).
Differential expression of known miRNAs
The differential expression of the miRNA was computed as 2 different sets: 1) brain v/s pineal dark, and 2) brain v/s pineal light. For the brain v/s pineal dark, a total of 93, 99 and 145 miRs were found to be up, down and neutrally regulated, with 49 and 10 miRNAs only expressed in the brain and pineal dark, respectively (Table S2 ). For the brain v/s pineal light, a total of 105, 101 and 124 miRs were found to be up, down and neutrally regulated, with 56 and 10 miRNAs only expressed in the brain and pineal light, respectively (Table S3 ). Few up-regulated, down-regulated and neutral miRs from the brain v/s pineal dark are depicted as a heatmap (Fig. 5 ). The results from both the expression analyses showed that the miR-183/96/182 cluster is highly up-regulated, along with miR-726. The expression of miR-183/96/182 cluster is considerably enriched in the pineal gland and up-regulated by light [23] [24] . These findings are consistent with the light-regulation of this cluster in the mouse retina [26] . This cluster also plays a major role in the regulation of circadian rhythm via its targeting of adcy6, a clock-controlled gene that modulates melatonin synthesis [27] . Dre-miR-726 is found to be expressed in the retina of larval and adult zebrafish. From the previous studies it is evident that many miRNAs are transcribed along with their regulating genes, the proximity of miR-726 to SWS2 and LWS opsins suggests that dre-miR-726 could play a vital role in opsin regulation [28] .
Identification of novel miRNA candidates
Mireap was used for the prediction of novel miRs, using reads that did not align to the unique fish miRNA database and Rfam. The reads were aligned onto the zebrafish genome using bowtie (with − v 0). A total of 84.40%, 83.68% and 87.72% of reads aligned for the brain, pineal dark and pineal light, respectively. For a small RNA to be considered as a potential miRNA candidate, it should meet the following strict criteria: 1) the miRNA precursor sequence should fold into an appropriate stemloop hairpin secondary structure, 2) the mature miRNA sits in one arm of the hairpin structure, 3) a maximum of 6 mismatches between the predicted mature miRNA sequence and its opposite miRNA* sequence in the secondary structure, 4) there should be no loop or break in the miRNA or miRNA* sequences, and 5) minimal folding free energy index and negative minimal folding free energy of the predicted secondary structure should be higher. The stem-loop hairpin structures with free energy lower than − 18 kcal/mol as per RNAfold were retained. Mireap predicted a total of 50, 34, and 16 novel miRNAs from the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively. All of these novel miRNAs were named temporarily in the form of Dre-mir-novnumber, e.g. Dre-mir-nov1. To increase the authenticity of the predicted novel miRNA, Zhang et al. [29] combined several parameters to form a new criterion called minimal folding free energy index (MFEI). The MFEI value from all the 3 data sets ranged from −0.42 to −1.56. A total of 25, 19 and 9 novel miRNA precursors, with a MFEI greater than 0.85, were identified from the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively ( Table 2 ). This indicates that the RNA sequences with MFEI greater than 0.85 are most likely to be miRNAs. Most of the novel miRs were also found to originate from chr 4 and chr 5 of zebrafish. The novel miRs ranged from 21 nt to 24 nt in length, with the precursors ranging from 75 nt to 99 nt in length. The free energy of the precursors ranged from − 28.5 to −71.5 kcal/mol. The secondary structure of a novel hairpin with the highest read count, i.e. Dre-mir-nov74, is depicted in Fig. 6 . Biological experiments can be undertaken to validate the authenticity of the reported novel miRs.
Target prediction of novel miRs
MicroRNAs bind to the mRNA of the target genes, thus regulating the gene expression at the post-transcriptional level. To gain insight into the function of the newly identified miRNAs, the putative target genes of these miRNAs were predicted using miRanda. The 3′-UTR regions of zebrafish mRNAs were downloaded from ensemble biomart and were checked for their complementarity against the novel miRs. Each miRNA was found to target more than one mRNA. The 25, 19 and 9 novel miRs in the 3 data sets were found to regulate 3737, 2527 and 1719 transcripts (Table S4) , with the number of targets ranging from 12 to 873 for each miRNA. In order to infer the functional annotation of the novel miRs, GO analysis was done for the predicted Zebrafish targets, which indicated their involvement in the regulation of diverse physiological processes (Fig. 7) . The novel miRNAs were found to play a major role in transcription regulation, signal transduction, organism development, RNA polymerase II promoter regulation, protein transport and homophilic cell adhesion. The pathway analysis also revealed the involvement of these novel miRs in amine and polyamine biosynthesis, carbohydrate degradation, iron-sulfur cluster biosynthesis, urea cycle, AMP and XMP biosynthesis via de novo pathway, CTP biosynthesis via salvage pathway and tRNA modification. Our study provided further insight into the novel miRNA-mediated regulation of target genes.
Conclusion
In this study, a total of 25, 19 and 9 novel miRNAs were identified from the brain, pineal gland (dark treatment) and pineal gland (light treatment), respectively, using deep sequencing data and in silico bioinformatic analysis. Most of the conserved and novel miRs were found to originate from chr 4 and chr 5 of zebrafish. To gain insight into the function of the newly identified miRNAs, the putative target genes of these miRNAs were predicted using miRanda. Gene ontology analysis was done for the predicted zebrafish targets to infer the functional annotation of the novel miRs, which indicated their involvement in the regulation of diverse physiological processes. The novel miRNAs were found to play a major role in transcription regulation, signal transduction, organism development, RNA polymerase II promoter regulation, protein transport and homophilic cell adhesion. The pathway analysis also revealed the involvement of these novel miRs in amine and polyamine biosyntheses, carbohydrate degradation, iron-sulfur cluster biosynthesis, urea cycle, AMP and XMP biosyntheses via de novo pathway, CTP biosynthesis via salvage pathway and tRNA modification. A total of 165, 151 and 145 known zebrafish miRNAs were found in the brain, pineal gland (dark treatment) and pineal gland (light treatment) along with their expression values and were further annotated for their presence in other fishes. MiR-181a and miR-182 were the highly expressed miRNAs in the brain and pineal gland of zebrafish. Because of the role of these miRNAs in promoting regeneration and mediating the targets and transcriptional factors involved in regeneration, these miRNAs may prove to be promising in therapeutics. The expression analysis of the known miR genes showed that miR-183/96/182 cluster is highly up-regulated, along with miR-726. The expression of miR-183/96/182 cluster is considerably enriched in the pineal gland and up-regulated by light. The authenticity of the reported novel miRs may further be validated by different biological experiments. Fig. 6 . Hairpin structures of Dre-mir-nov74 predicted using RNAfold software. Fig. 7 . Gene ontology of the target genes of novel miRNAs. The graph represents the maximum represented GO in terms of biological process, molecular function and cellular component.
